The mob locus of Escherichia coli encodes functions which catalyse the synthesis of active molybdenum cofactor, molybdopterin guanine dinucleotide, from molybdopterin and GTP. Reporter translational lac fusion mutations in the mobA gene have been constructed using IplacMu9 mutagenesis. The mob locus is expressed at very low levels under both aerobic and anaerobic growth conditions. Neither additions to the growth media (nitrate, tungstate or molybdate) nor secondary mutations at the moa, mob, mod, moe or mog loci affected the level of expression. Two transcription initiation sites and their associated promoter regions have been identified upstream of mobA. Both of the promoter regions show a poor match to the -35 and -10 consensus sequences for a70 promoters. A 2.2 kb chromosomal DNA fragment which complemented all available mob mutants has been sequenced. Two ORFs were identified, arranged as a single transcription unit. The encoded polypeptides have predicted molecular masses of 21 642 Da and 19362 Da, respectively. The DNA has been subcloned into a T7 overexpression system and the predicted products identified. The mobA gene encodes protein FA, which has been purified to homogeneity and brings about the activation of inactive molybdoenzymes in cell extracts of mob mutants. The mobB gene encodes a polypeptide with a putative nucleotide binding site. All available mob mutations which have been selected for by their ability to grow anaerobically in the presence of chlorate are located in the mobA gene.
INTRODUCTION
All molybdoenzymes, with the exception of molybdodinitrogenases, contain a molybdenum cofactor which comprises molybdopterin, or a derivative, complexed to molybdate (Johnson e t al., 1984; Rajagopalan & Johnson, 1992) . The mo-(chlorate resistant) mutants of Escbericbia coli are pleiotropically defective in molybdoenzyme activities because they are unable to synthesize and/or process the common molybdenum cofactor. All of the mo-loci have been cloned and most sequenced (Rivers e t al., 1993; Nohno e t al., 1988;  IP: 54.70.40.11
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through molR (Lee e t al., 1990) . The function of the mog gene product is not clear, although it may play a role in intracellular molybdate processing or insertion into the cofactor (Miller & Amy, 1983; Stewart & MacGregor, 1982) . The mob locus is required for a late step in molybdenum cofactor biosynthesis involving the addition of a GMP moiety to molybdopterin to produce the active form of the cofactor in E. coli, molybdopterin guanine dinucleotide (Johnson et al., 1991) . The region including the mob locus has recently been sequenced as part of the E. coli genome sequencing project and two genes were identified at mob (Plunkett et al., 1993) . Protein FA, which is able to restore molybdoenzyme activities to cell extracts of mob mutants, has been purified to homogeneity and characterized as the product of the mobA gene (Palmer e t al., 1994) . The significance of the second gene has not been established.
In this paper we describe the construction of nine mob mutants by ilplacMu9 mutagenesis, in which /?-galactosidase expression is placed under control of the mob promoter. We show that expression of the mob locus is very low and apparently constitutive. We confirm the DNA sequence of the mob locus and report the preliminary characterization of its two polypeptide products.
Bacterial strains and growth conditions. E . coli K12 strains, bacteriophages and plasmids used in this study are listed in Table 1 . All growth media used have been described previously (Miller, 1972; Silhavy et al., 1984; Stewart & MacGregor, 1982) . Unless otherwise stated, cultures were grown aerobically at 37 "C with vigorous shaking in an orbital shaker. Strains containing Muds prophages were grown at 30 "C. For certain experiments, to maximize aeration, 250 ml conical flasks containing 10-20 ml culture medium were used and incubated with vigorous shaking (approx. 300 r.p.m. in an orbital shaker) at the appropriate temperature. Cells were harvested following aerobic growth at a cell density corresponding to an OD,,, of 0.20 (or less). Anaerobic growth conditions were obtained under an atmosphere of nitrogen, hydrogen and carbon dioxide in an anaerobic chamber, using a palladium catalyst to remove residual oxygen ('Gaspak' from BBL).
Where indicated, the media were supplemented with one or more of the following: tetracycline (25 pg ml-', except in MacConkey agar, where it was used at 8 pg ml-'), kanamycin (25 pg ml-'), ampicillin (125 pg ml-'), potassium chlorate (15 mM) or X-gal (20 pg ml-').
Subcloning of chromosomal fusions into plasmids. AplacMu9 (mob::lacZ) fusion strains were induced by UV light to produce Lac' transducing phage. From the resulting lysate, 1 particles were isolated which had undergone aberrant excision and produced a blue plaque phenotype on X-gal indicator plates. Single blue plaques were isolated and used to prepare 1 DNA as described by Silhavy e t al. (1984) . The 1placMu9 (mob: : lacZ ) DNA was digested with EcoRI and cloned into the plasmid vector pMLB524 (Silhavy e t al., 1984) . Recombinant plasmids carrying the mob: : lacZ fusion were identified by the formation of blue transformant colonies on X-gal indicator plates. The resulting mob: : lacZ fusion plasmid, pPW6142, was analysed by restriction mapping. The exact position of the mutation was established by DNA sequencing through the fusion junction. &Galactosidase assay. This was done according to Miller (1972) , using the chloroform/SDS method for cell permeabilization. Cells were assayed during the early to midexponential phase of growth. Assays were performed in triplicate and the mean is quoted in Miller units (Miller, 1972) .
In general, deviation from the mean was within 15 YO.
Genetic techniques. These were all as described by Miller (1972) . Pl,,, was used for all transductional crosses. Screens for nitrate reductase activity of colonies on agar were done according to Glaser & DeMoss (1972) . Dye overlay screens for the detection of formate dehydrogenase activities were as employed by .
Recombinant DNA techniques and DNA sequence determination. Isolation of plasmid DNA, restriction enzyme digests, modification, ligation, transformation and electrophoresis were essentially as described by Maniatis et al. (1982) . The nucleotide sequences of the subcloned DNA in plasmids pPW696 and pS JE550 were determined by the dideoxy-chain termination method of Sanger e t al. (1977) using Sequenase T7 DNA polymerase (US Biochemical Corporation). For sequence determination from double-stranded DNA templates the plasmid DNA was denatured according to the method outlined in the Sequenase manual. Compressions were resolved by using dITP instead of dGTP in the reaction mixtures. The complete nucleotide sequences of both D N A strands were determined. The DNA sequences were collated, compiled and analysed on an Opus PC-V computer using Staden-Plus software (Amersham).
Extraction of RNA and transcription initiation analysis. RNA was isolated as described by Figueroa et al. (1991) and subsequently used in primer extension reactions to identify transcription initiation sites. Primer extension was performed using the method of Inoue & Cech (1985) . The DNA sequence reactions were performed as described above.
Identification of the mob gene products. The mob operon and the subclone carrying the mobA gene alone were cloned separately into the expression vector pT7.6 (Fig. la) . The expression of the respective genes in these constructs is under control of the phage T7 (410) promoter. The resulting plasmids were transformed into BL21 (DE3) which contains a single copy of the gene encoding the T7 RNA polymerase, under the control of the inducible lacUV5 promoter. Synthesis of the plasmid-encoded gene products was induced, after addition of rifampicin to inhibit chromosomal gene expression, by addition of 0.4 mM IPTG (Studier & Moffat, 1986) , and followed by labelling with ~-[~~S]methionine according to the procedure described by Tabor & Richardson (1985) . Proteins were analysed by SDS-PAGE using a Tris/Tricine buffer system (Schagger & von Jagow, 1987) . The separating gel was 12.5 YO (w/v) acrylamide and no spacer gel was used.
RESULTS

Construction of gene fusions to mob
A pool of lysogens was obtained by AplacMu9 insertion mutagenesis as described in Methods. The infected cells were screened for AplacMu9 lysogeny by their associated kanamycin-resistant phenotype. Some 100 000 such lysogens were obtained, representing a high frequency of ilplacMu9 insertion into a range of non-essential genes. (Miller e t al., 1987) . The addition of tungstate to strains carrying reporter fusions at the moa locus results in de-repression (Rivers, 1991) . In contrast, neither tungstate nor molybdate affected mob expression. Nitrate, which induces expression of the molybdoenzyme nitrate reductase, gives rise to a twofold increase in expression of mod (Miller e t al., 1987) . Addition of 100 mM nitrate to the growth media had no effect on the expression of the mob fusions.
The effect of other mo-mutations on mob::/acZ fusion expression
The mob : :lacZ fusion @6l was subcloned into plasmid pMLB524, as described in Methods. The resulting plasmid (pPW6142) was transformed into host strains mutated at various ma-loci. The P-galactosidase ex-
Determination of the mob nucleotide sequence
Plasmid pPW696 (Fig. la) carries a 1.5 kb BamHI fragment of chromosomal DNA cloned originally by its ability to complement the mob insertion mutation in RK5208 (Palmer et al., 1994) . This clone was shown to complement strains carrying a series of mob : : Muds insertion mutations (RK5208, RK5227 and RK5251) and the mob point mutant AP24, which is the strain we have used for previous biochemical studies. Restriction analysis indicated that it contained that part of the mob DNA for which the DNA sequence has been reported .The cloned DNA appears to be the same as that previously cloned as a BamHI fragment by Reiss e t al. (1987) . A larger mob clone (HilzdIII-BaA) was also analysed (pS JE550). The 87.2-89.2 min region of the E. coli chromosome covering the mob locus has recently been sequenced as part of the E. coli Genome Project (Plunkett e t al., 1993) . Our complete nucleotide sequence of the mob locus agrees with that reported except for a two nucleotide inversion. This inversion falls outside the coding region and may be due to a strain difference. The derived amino acid sequences for MobA and MobB are shown in Figs 2(b) and 2(c), respectively.
Exact location of the @61 (mob.=:/acZ) allele
The translational lacZ fusion to the mob locus allelle a 6 1 was confirmed to be in frame by direct DNA sequencing of the plasmid pPW6142. The position of the fusion to the mobA gene is indicated in Fig. 2(b) . This confirms The respective fragments were subcloned into the expression plasmid pT7.6 (Tabor & Richardson, 1985) to give plasmids pCI1 and pC120. The mob DNA insert in pCl20 is a BamHl fragment carrying mobA, whilst that present in pCI1 is a HindIIl-Ball fragment carrying both mobA and mobB. The inserts in pPW696 and pSJE550 are both in pBR322. Restriction enzymes: B, BamHI; R, EcoRV; H, Hindlll; directly that the low P-galactosidase activities observed are measures of mob expression, and not the consequence of an out-of-frame insertion.
Localization of mob transcription initation
The transcriptional start of the mob locus cannot be clearly predicted from the DNA sequence alone. Only a poor possible promoter was identified by computer-assisted examination of the sequence. Transcript analysis (Fig.   3 ) revealed that there were two weak transcription initiation sites upstream of the mobA gene. The position of the transcript initiation sites and the nucleotide sequences of the two promoter regions are shown in Fig. 2(a) . There was no evidence for a transcript initiation site immediately upstream of the mobB gene (result not shown).
Genetic complementation of mob mutants
We reported previously that the mobA gene in plasmid pPW696 complements the mob point mutation in AP24, indicating that this strain is a mobA mutant (Palmer et al., 1994 
Structure of the mob locus
The nucleotide sequence revealed two ORFs capable of encoding polypeptides of molecular mass 21 642 Da and 19 362 Da, respectively. The codon preference of each of these ORFs was consistent with their being expressed. An overlap of 15 nucleotides at the end of mobA and the start of mobB is consistent with the two genes being transcribed as a single mRNA.
The mob DNA was subcloned into the expression vector pT7.6 to give the plasmids shown in Fig. l(a) . Expressed polypeptides corresponding to the mobA and mobB products were clearly observed (Fig. lb) The apparent molecular masses of the polypeptides were 21 500 Da and 20000 Da, respectively, which agree closely with those predicted from the DNA sequence.
Features of the mob gene products
rnobA. The mobA gene encodes protein FA, which has been purified to homogeneity and its N-terminal sequence determined to be MNLMT (Palmer et a/., 1994) . This corresponds to mobA and indicates that the translational start site is at the GUG codon at nucleotides 32-34 and not at the in-frame AUG, three codons downstream. The amino acid sequence also confirms the reading frame of mobA. Database searches revealed few known proteins which share sequence similarity with the mobA product. Fig. 2(d) shows that there is a limited sequence relationship between the C-terminal80 residues IP: 54.70.40.11
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The narG and narZ genes encode the a-subunits of the two closely related E. coli respiratory nitrate reductases (Blasco e t al. , 1990) . These subunits contain binding sites for molybdenum cofactor, and the region of sequence similarity with MobA extends through a region of the nitrate reductase a-subunits predicted to interact with the molybdenum cofactor (region F), as described by Wootton e t al. (1991) . This suggests that MobA may interact with the molybdenum cofactor. Boxer, unpublished) . This confirms the reading frame of mobB.
Analysis of the predicted amino acid sequence of MobB reveals a putative nucleotide binding motif. Fig. 2(e) shows an alignment of the predicted nucleotide binding regions of MobB with similar regions of the E. coli EF-Tu protein and with a GTP-nucleotide binding consensus sequence (Arai e t al., 1980; Dever et al., 1987) . It is likely that MobB binds the guanine nucleotide required for the synthesis of molybdopterin guanine dinucleotide (Santini e t al., 1992) .
DISCUSSION
This report describes expression studies of the mob locus of E. culi, which encodes functions necessary for the synthesis of active molybdenum cofactor from molybdopterin and GTP. Chromosomal fusions of #?-galactosidase to the mobA gene were constructed and used to monitor expression of the mob locus. Nine independent insertion mutants were obtained, of which three were characterized further. Expression of the mob: : lacZ fusions was very low and apparently constitutive. Thus, the level of expression did not change significantly when mob locus of E. coli K12 the strains were grown under aerobic or anaerobic conditions, or when the growth media were supplemented with nitrate, molybdate or tungstate. One of the chromosomal fusions was subcloned into a plasmid and the expression of the plasmid-borne fusion monitored in different mo-backgrounds. The level of expression was unaffected by mutations at any of the mo-loci tested, including mob mutants, indicating that the mob locus is not auto-regulated. The low level of expression of the mob locus is consistent with the observed very low levels of protein FA in cells, <0*001 % of the soluble cellular protein (Palmer e t al., 1994) . Expression of mob is in complete contrast to that of the moa and mod loci. The moa locus catalyses the first committed step for molybdopterin biosynthesis and this is reflected in its regulation (Baker & Boxer, 1991) . The expression of the mod locus, which encodes a molybdate transport system, is sensitive to the level of molybdate (Miller e t al., 1987) .
Transcript analysis revealed two promoter regions upstream of the mobA gene, both of which showed poor matches to the -35 and -10 consensus regions for 0'' promoters. The poor agreement with the consensus sequence may account for the low level of expression (although all the fusions are mobA : : lac 2 protein fusions and therefore reflect both transcription and translation). It is surprising that there are two mob transcription start sites since, despite the present detailed analysis, no evidence for mob control has been found. The significance of this observation is not clear. There is no evidence for a promoter immediately upstream of the mobB gene.
The DNA encoding the mob locus has been sequenced, and shows only a two nucleotide inversion compared with that reported by Plunkett e t al. (1993) . The DNA encodes two ORFs arranged as a single transcription unit, with predicted polypeptide products of 21 642 Da and 19362 Da, respectively. Both of these polypeptides were expressed when the entire mob locus was cloned into a T7 overexpression vector. It should be noted however, that expression of the polypeptides, even in the overexpressing system, was very low. Thus the polypeptides were visible after [35S]methionine pulse-labelling but were not visible, even after extended periods of induced expression, on Coomassie-blue-stained polyacrylamide gels (result not shown). This observation is consistent with the low level of expression of the mob locus, and indicates that the poor expression may partly be a translational effect.
The existence of a second ORF downstream of the mobA gene was unexpected. There is no genetic evidence for the existence of a second gene at the mob locus. All available mob mutants, including a range of insertion mutants, are complemented by plasmids carrying just the mobA gene. The phenotype of a mutation in the mobB gene is unknown, and would be of interest. The mobA gene encodes protein FA, which brings about the activation of inactive molybdoenzymes from subcellular extracts of mob mutants (Palmer et al., 1994) . However, attempts to activate the purified, inactive mob nitrate reductase in the presence of protein FA and G T P were unsuccessful. The addition of a further protein fraction, factor X, was required in order to bring about nitrate reductase activation (Santini e t al., 1992) . The product of the mobB gene may contribute to factor X activity. Moreover, the mobB gene product has a predicted GTP-binding site, which strongly suggests a role in the GTP-dependent
